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Introduction {#sec1}
============

Regulation of body weight and adiposity relies on a homeostatic system balancing energy intake with energy expenditure. Well-documented evidence gathered during the past 35 years has established that induction of thermogenesis in brown adipocytes of mice and rats can reduce obesity ([@bib20]). The maintenance of body temperature by brown adipose tissue (BAT) thermoregulation utilizes energy stores in proportion to ambient temperature ([@bib11]). Importantly, BAT-based non-shivering thermogenesis may be important in humans as well ([@bib30]). Therefore, adiposity may be regulated by the capacity of the individual to manipulate brown adipocyte phenotypes at reduced temperature, thereby constituting a strategy to reduce metabolic efficiency ([@bib9]).

During the past decade, accumulating data have demonstrated that the gut microbiota impacts body weight and energy homeostasis ([@bib25]). Microbial diversity as well as the relative proportions between the members of main phyla Firmicutes and Bacteroidetes have been associated with regulation of obesity in both mice and humans ([@bib13], [@bib14]). The gut microbiota is important for energy harvest on a polysaccharide-rich diet ([@bib1]) and also contributes to diet-induced obesity (DIO) by modulating different pathways involving triglyceride storage and fatty acid oxidation ([@bib2]). Interestingly, microbiota from lean twins can protect against obesity induced by microbiota from obese twins, when transferred to mice ([@bib19]).

Bile acids (BAs) produced by hepatocytes, stored in the gall bladder and released into the gut after a meal, are metabolized by the gut microbiota to generate an array of BA species such as secondary BAs, e.g., lithocholic and deoxycholic acid ([@bib22]). These can activate nuclear receptor farnesoid X receptor (FXR) and G-coupled receptor TGR5, located on iBAT, to regulate thermogenesis ([@bib17], [@bib28]). Recent studies have linked changes in the gut microbiota in a cold environment to the thermogenic potential of brite cells through enhanced type 2 cytokine signaling by the innate immune system ([@bib12], [@bib4]). Here we show, in contrast to the role of brite cells in determining resistance to DIO in C57BL/6J mice at reduced temperature ([@bib24]), that acute changes in energy balance in mice fed a high-fat diet at 12°C is associated with changes in the gut microbiota, increased BA metabolism, and induction of iBAT thermogenesis.

Results {#sec2}
=======

Reduced Ambient Temperature Protects against DIO by Inducing Thermogenesis {#sec2.1}
--------------------------------------------------------------------------

We fed mice with high-fat diet (HFD) and chow diet (CHD) at thermoneutrality and at reduced ambient temperatures to assess the effects of reduced temperature on cold-induced energy expenditure and development of DIO. At 12°C and 17°C, the reduced fat mass and adiposity ([Figures 1](#fig1){ref-type="fig"}A, 1B, [S1](#mmc1){ref-type="supplementary-material"}A, and S1B) together with increased food intake in mice fed either HFD or CHD resulted in increased energy expenditure ([Figures 1](#fig1){ref-type="fig"}C and 1D), demonstrating that reduced temperature blocks DIO. Furthermore, energy balance is maintained by increasing food intake.

Reduction of ambient temperature from 29°C to 17°C and 12°C induced iBAT and inguinal fat (ING) uncoupling protein 1 (*Ucp1*) mRNA and protein expression in mice fed either CHD or HFD ([Figures 1](#fig1){ref-type="fig"}E--1H and [S1](#mmc1){ref-type="supplementary-material"}C). However, *Ucp1* expression in ING was only 6% of that observed in iBAT. In addition, *Pgc1a* (peroxisome proliferator-activated receptor coactivator 1-alpha) and *Adrb1* (beta3-adrenergic receptor) expression, which are associated with improved metabolism, was significantly induced in iBAT and ING by cold ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E). Reduced cellular energy levels lead to increased phosphorylation of AMPK and was associated with increased phosphorylation of ACC and increased expression of *Cpt1a*, indicating increased hepatic fatty acid oxidation ([Figures 1](#fig1){ref-type="fig"}I--1K). At 12°C mice had decreased expression of biomarkers of hepatic lipogenesis ([Figure S1](#mmc1){ref-type="supplementary-material"}F), a phenotype associated with reduced plasma cholesteryl esters (CEs) and triacylglycerols (TAGs) in mice fed HFD at 12°C compared to 29°C (CEs, 12°C 6,102.5 ± 446 versus 29°C 8,421.1 ± 490.7, p \< 0.05; TAGs, 12°C 155.1 ± 50.4 versus 29°C 409.4 ± 43.4, p \< 0.05).

Modulation of Glucose Tolerance and Metabolism by Ambient Temperature {#sec2.2}
---------------------------------------------------------------------

Consistent with reduced adiposity, glucose tolerance was improved in mice fed HFD at 12°C compared to 17°C or 29°C and was similar in both HFD- and CHD-fed mice at 12°C ([Figure 1](#fig1){ref-type="fig"}L). Reduced ambient temperature also improved insulin tolerance of mice on either HFD or CHD ([Figures S1](#mmc1){ref-type="supplementary-material"}G and S1H). The improved glucose tolerance was associated with increased *Glut4* (glucose transporter type 4) mRNA and protein levels in iBAT and skeletal muscle ([Figures S1](#mmc1){ref-type="supplementary-material"}I--S1K). Induction of *Irs1* (insulin receptor substrate 1) mRNA at 17°C reflected the improved insulin tolerance at reduced ambient temperature ([Figure S1](#mmc1){ref-type="supplementary-material"}L). Furthermore, expression of *Pepck* (phosphoenolpyruvate carboxykinase) and *G6pc* (glucose-6-phosphatase catalytic subunit) mRNA levels was increased in liver of mice housed at 17°C and 12°C ([Figures S1](#mmc1){ref-type="supplementary-material"}M and S1N), indicating increased hepatic gluconeogenesis, which provides energy for thermogenesis in the cold ([@bib8]).

Diet and Ambient Temperature Alter Gut Microbiota Composition {#sec2.3}
-------------------------------------------------------------

To directly investigate the impact of diet and ambient temperature on mouse gut microbiota, the variable region 4 (V4) of bacterial 16S rRNA genes was amplified by PCR and sequenced using the Illumina MiSeq platform. We observed 4,090 distinct OTUs (from 9,442,775 reads; ranging from 75,344 to 159,323 reads per sample). To investigate how diet and ambient temperature affected the microbiota phylogenetic richness in each caecum sample, we analyzed the α-diversity, as assessed by rarefication and phylogenetic diversity ([Figure 2](#fig2){ref-type="fig"}A). Similar to previous reports, we found that diet is a key factor in shaping phylogenetic diversity ([@bib7], [@bib27]) and observed that the caecal microbiota of mice on CHD had higher phylogenetic diversity compared with mice on HFD. We next performed principal coordinate analysis (PCoA) of unweighted UniFrac distances between the caecum samples from the different groups to determine the effects of diet and ambient temperature on the microbiota. A clear separation between the communities, driven by diet, was observed at the first principal coordinate (x axis), which explained 27% of the variance ([Figure 2](#fig2){ref-type="fig"}B). The second principal coordinate (y axis) accounted for 13% of the variance and separated the communities by ambient temperature within the diets ([Figure 2](#fig2){ref-type="fig"}B). Moreover, the communities of mice maintained at 12°C separated from those at 17°C and 29°C independently of the diets with the strongest effect in the HFD groups ([Figure 2](#fig2){ref-type="fig"}B).

Analysis at the phylum level indicated that the caecal microbiota was dominated by five major phyla: Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, and Verrucomicrobia ([Figure 2](#fig2){ref-type="fig"}C). Mice fed HFD at 12°C and 17°C were associated with a bloom of Proteobacteria and a reduction in Bacteroidetes and an increase in Firmicutes ([Figure 2](#fig2){ref-type="fig"}C). Shifts in *Bacteroidaceae*, *Rikenellaceae*, and S24-7 (all Bacteroidetes), particularly in S24-7 on CHD and *Bacteroidaceae* on HFD, were observed ([Figure 2](#fig2){ref-type="fig"}D). The increase in Firmicutes under all conditions was due to increases in *Clostridiaceae*, *Lachnospiraceae*, and *Ruminococcaceae* ([Figure 2](#fig2){ref-type="fig"}D). Interestingly, a bloom in *Erysipelotrichaceae* was observed in both diets, but only at 29°C ([Figure 2](#fig2){ref-type="fig"}D). The bloom in Proteobacteria at reduced temperature was largely accounted for by *Desulfovibrionaceae* ([Figure 2](#fig2){ref-type="fig"}D), which has been previously associated with metabolic health ([@bib3]).

To identify taxonomic differences in the microbiota composition of mice fed HFD or CHD and challenged by differences in the ambient temperature and to identify specific bacterial taxa or species-level phylotypes that contribute to the adiposity phenotype, we applied linear discriminant analysis (LDA) effect size (LEfSe) with LDA score \> 2 ([@bib23]). This analysis revealed 46 discriminative features in the CHD-fed mice ([Figure S2](#mmc1){ref-type="supplementary-material"}A) and 34 in the microbiota of HFD-fed mice ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Similar OTUs belonging to class Bacilli in particular orders Turicibacterales and *Lactobacillales*, the genus *Allobaculum* in the family *Erysipelotrichaceae*, as well as the genus rc4-4 in the family *Peptococcaceae* ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B) were increased in mice maintained at 29°C independent of diet. The microbiota of mice fed HFD maintained at 12°C was enriched in a Corriobacteria such as *Adlercreutzia*, number of Clostridia from the *Mogibacteriaceae* and *Ruminococcaceae* families, and *Desulfovibrionales* such as *Desulfovibrio* ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Similar changes were observed in mice fed CHD maintained at 17°C ([Figure S2](#mmc1){ref-type="supplementary-material"}A), all of which were lean and glucose tolerant.

Reduced Ambient Temperature and Diet Regulate Bile Acid Metabolism {#sec2.4}
------------------------------------------------------------------

Reduced ambient temperature caused a robust induction of hepatic enzymes engaged in the conversion of cholesterol to primary BAs, including CYP7A1 (cholesterol 7alpha-hydroxylase), CYP8B1 (sterol 12alpha-hydroxylase), and CYP27A1 (sterol 27-hydroxylase), as well as in taurine production and taurine conjugation to BAs ([Figures 2](#fig2){ref-type="fig"}E, [S2](#mmc1){ref-type="supplementary-material"}C, and S2D). Accordingly, the BA profile was drastically altered and dominated by unconjugated BA (CA, and α-, βMCA) at 29°C in mice fed a HFD, whereas primary taurine-conjugated BAs, i.e., TCA, TαMCA, and TβMCA, were elevated in plasma of mice maintained at 12°C on both diets ([Figures 2](#fig2){ref-type="fig"}F--2H).

FGF21 was 7- and 2.5-fold upregulated in iBAT at 12°C on a HFD and CHD, respectively ([Figure S2](#mmc1){ref-type="supplementary-material"}E). Furthermore, type 2 iodothyronine deiodinase expression, which is associated with increased thermogenesis, was induced at reduced temperature ([Figure S2](#mmc1){ref-type="supplementary-material"}E), as previously observed ([@bib5]). The TGR5 receptor, which binds to microbially produced secondary BAs ([@bib10]), was induced at 12°C while thyroid hormone receptor beta was not ([Figures S2](#mmc1){ref-type="supplementary-material"}E--S2G).

Gut Microbiota Composition Is Determined by Reduced Ambient Temperature {#sec2.5}
-----------------------------------------------------------------------

To investigate whether the gut microbiota and BAs were altered in response to reduced temperature or reduction in obesity, we performed a kinetic experiment and analyzed the microbiota in mice that were fed HFD for 4 weeks at 29°C and then transferred to 12°C for 6 days. Increased fat mass and adiposity after 4 weeks of a HFD at 29°C was not affected by reduced ambient temperature ([Figures 3](#fig3){ref-type="fig"}A and 3B), and the increased demand for fuel was satisfied by a 20% increase in food intake within 2 days of cold exposure ([Figure 3](#fig3){ref-type="fig"}C). Cold exposure induced *Ucp1* expression 5-fold in iBAT after 1 day at 12°C ([Figure 3](#fig3){ref-type="fig"}D), similar to the increase observed after 4 weeks at 12°C (compare with [Figure 1](#fig1){ref-type="fig"}E). The induction of *Ucp1* in ING was very low and therefore not associated with the initial response required for survival in the cold ([Figure 3](#fig3){ref-type="fig"}D).

The gut microbiota and BA composition were shifted to the cold-adapted state within 1 day, demonstrating that these changes were independent of reduced adiposity ([Figures 3](#fig3){ref-type="fig"}E--3H). The BAs profile, already modified 1 day after cold exposure, was dominated by conjugated BAs (TCA, TαMCA, TβMCA, and TωMCA), whereas the levels of unconjugated BAs (αMCA, βMCA, and ωMCA) were reduced compared to 29°C ([Figure 3](#fig3){ref-type="fig"}E). Analysis on caecal microbiota composition showed a significant decrease in the phylogenetic diversity already 2 days after cold exposure compared to 29°C ([Figure 3](#fig3){ref-type="fig"}F). At the phylum level, Deferribacteres increased and Verrucomicrobia decreased within 1 day of cold ([Figure 3](#fig3){ref-type="fig"}G). Bacteroidetes increased and Firmicutes decreased, but not until after 6 days at 12°C ([Figure 3](#fig3){ref-type="fig"}G), to increase the Bacteroidetes/Firmicutes ratio ([Figure 3](#fig3){ref-type="fig"}H). At the family level, the most abundant phylotypes affected by cold exposure were *Bacteroidaceae*, *Rikenellaceae*, *Porphyromonadaceae*, *Deferribacteraceae*, *Lactobacillaceae*, *Clostridiaceae*, and *Peptostreptococcaceae* ([Figure S3](#mmc1){ref-type="supplementary-material"}A). The fraction of others, such as S24-7, *Clostridiales*, *Lachnospiraceae*, *Ruminococcaceae*, *Erysipelotrichaceae*, and *Desulfovibrionaceae* ([Figure S3](#mmc1){ref-type="supplementary-material"}A) did not change when mice were transferred to cold for 6 days, suggesting that these microbial phylotypes are associated with HFD feeding. Similar to the initial cold-exposure experiment for 4 weeks, we observed that *Adlercreutzia* and *Bacteroides* were increased after 6 days of cold exposure ([Figure S3](#mmc1){ref-type="supplementary-material"}B). The Firmicutes, *Lactobacillus*, *Clostridiaceae*, genus SMB53, *Dehalobacterium*, *Peptostreptococcaceae*, and *Mogibacteriaceae* decreased at 12°C ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Long-term cold exposure induced a bloom in Proteobacteria, particularly in *Desulfovibrionaceae* ([Figure S2](#mmc1){ref-type="supplementary-material"}B), but it did not change during the short-term exposure at 12°C ([Figure S3](#mmc1){ref-type="supplementary-material"}A). These data suggest that in parallel with *Ucp1* induction, changes in microbiota and BAs occur when ambient temperature is reduced, but independent of changes in adiposity.

The Gut Microbiota Suppresses the Development of DIO at Reduced Ambient Temperature {#sec2.6}
-----------------------------------------------------------------------------------

To assess the capacity of the gut microbiota from mice maintained at reduced ambient temperature to modulate the development of DIO, we performed a microbiota transplantation experiment. Mice colonized with microbiota from donors kept at 12°C had reduced fat mass and adiposity as well as significantly higher expression of *Ucp1* and *Dio2* mRNA and protein in iBAT compared with mice colonized with microbiota from 29°C ([Figures 4](#fig4){ref-type="fig"}A--4E). Expression of *Adrb3*, *Pgc1a*, and *Fgf21*was not altered in iBAT ([Figure 4](#fig4){ref-type="fig"}C); no changes in gene expression were detected in ING of recipient mice ([Figure 4](#fig4){ref-type="fig"}F). The glucose response was improved in the recipient mice colonized with microbiota from donor kept at 12°C, but no differences occurred in GLUT4 protein levels in muscle and iBAT ([Figures 4](#fig4){ref-type="fig"}G, [S4](#mmc1){ref-type="supplementary-material"}A, and S4B). Recipient mice, colonized with microbiota from donors kept at 12°C, had increased hepatic expression of *Cyp8b1* and *Cyp7b1* (25-hydroxycholesterol 7alpha-hydroxylase) and *Csd* (cysteine sulfinic acid decarboxylase), leading to an altered BA profile ([Figures S4](#mmc1){ref-type="supplementary-material"}C and [4](#fig4){ref-type="fig"}H). These mice had an increased proportion of conjugated, and a reduced proportion of primary unconjugated, BAs (CA, CDCA, and βMCA) and secondary BAs (DCA and UDCA) in the plasma ([Figure 4](#fig4){ref-type="fig"}H). Gut microbiota transferred from donors housed at 12°C influenced hepatic lipid metabolism, inducing AMPK phosphorylation augmenting lipid β-oxidation in liver compared with microbiota from 29°C ([Figures 4](#fig4){ref-type="fig"}I--4K and [S4](#mmc1){ref-type="supplementary-material"}D). Nonetheless, lipid analysis showed a modest increase in total TAG in plasma in mice colonized with microbiota from donor kept at 12°C ([Figure S4](#mmc1){ref-type="supplementary-material"}E). These results suggest that functional differences between microbiota of mice kept at 12°C and 29°C can be transferred to recipient mice kept at 23°C.

Discussion {#sec3}
==========

A primary and essential task of all endothermic animals is to maintain a normal body temperature by inducing thermogenesis in response to cold. Here, we demonstrate that reducing ambient temperature from 29°C to 12°C or even 17°C also protects the host from DIO, an effect that is associated with increased *Ucp1* expression in iBAT. However, recent studies have shown that the pathway for activating thermogenesis may be more complex than the traditional model based on iBAT thermogenesis. Thermogenesis occurs not only in iBAT, but also by the induction of brite cells in WAT at 29°C by administration of interleukin 4 ([@bib18]). Similarly, the thermogenic program in iBAT may be activated by BAs at 29°C ([@bib31]). Recently, it was shown that the depletion of the microbiota by antibiotic treatment or GF conditions stimulates the induction of brite cells by enhanced type 2 cytokine signaling from eosinophil infiltration ([@bib24]). Here, we show that both the acute and chronic exposure to reduced ambient temperature leads to induction of *Ucp1* in iBAT and rapid changes in the composition of the gut microbiota and BA metabolism. The results suggest that the induction of cold-mediated thermogenesis involves the activation of iBAT thermogenesis by a mechanism involving modulation of BA metabolism and AMPK phosphorylation by the gut microbiota.

A key question is whether the improved obesity/diabetic phenotype of mice with DIO reared in the cold is dependent on the effects of the gut microbiota. We observed that cold exposure is linked to altered caecal microbiota and that mice on both diets shared microbial phylotypes associated with changes in ambient temperature. Bacteria belonging to Bacilli and *Erysipelotrichaceae*, usually associated with obesity ([@bib27]), were enriched in mice at 29°C, whereas *Adlercreutzia* and *Desulfovibrio*, associated with leanness ([@bib3], [@bib6]), were increased at 12°C. Changes in the composition of gut microbiota occurring within 1 day of exposure at 12°C and in the absence of changes in adiposity suggest that the changes in microbiota are driven by changes in temperature rather than merely reflecting obesity. The major microbiota changes occurring in parallel with induction of *Ucp1* were reduced Firmicutes apparent after 1 day and an increase in Bacteroidetes after 6 days, changes previously linked with protection against obesity ([@bib13], [@bib26]). Consistent with the study of [@bib4], we identified a decreased abundance of Verrucomicrobia and an increased abundance of Deferribacteres when mice were exposed to cold, suggesting that altered abundance of members in these phyla contribute to the cold-induced phenotype. Changes in other bacteria after longer cold exposure may be in response to altered adiposity of the host.

The mechanism by which the gut microbiota influences adiposity may include modulation of BA metabolism ([@bib22]). BAs are microbial-derived metabolic regulators, which can suppress DIO through increased energy expenditure ([@bib29]). Here we show that lower ambient temperature increased production of BAs and expression of genes related to BA synthesis. The increased levels of conjugated BAs may be attributed to reduced levels of *Lactobacillus*, which has high deconjugation capacity upon cold exposure. These observations were confirmed in the kinetics study where conjugated BAs were increased and *Lactobacillus* was decreased after 1 day at 12°C. The increased prevalence of taurine species in the cold might antagonize FXR receptor ([@bib22]) and protect against DIO as FXR-deficient mice are resistant to DIO ([@bib16]). In agreement with inhibition of FXR signaling in the cold-exposed animals, we observed increased expression of enzymes involved in BA synthesis and increased BA pool size. The cold-exposed mice had a BA profile that resembled that of GF mice, which also are resistant to DIO and have increased expression of phosphorylated AMPK in the liver ([@bib2]). AMPK activation inhibits FXR activity ([@bib15]) and also promotes energy expenditure. Accordingly, we observed increased expression of phosphorylated ACC as well as downstream *Cpt1a* expression, which is associated with increased fatty acid oxidation and energy expenditure. Importantly, we observed this phenotype both following cold-exposure as well as after microbiota transfer, suggesting that the phenotype is linked to the altered microbiota.

In the current study, cold exposure at 12°C causes a strong and rapid induction of the brown adipose phenotype in iBAT, but not in ING, an increased whole-animal energy expenditure, and a complete suppression of DIO.

We demonstrated that transplantation of caecal material from mice reared at 12°C to GF recipients improved their metabolic phenotype. Consistent with our findings, [@bib4] demonstrated that transplantation of caecal material from cold-exposed mice reduced obesity and improved insulin sensitivity. In contrast to our findings, they emphasized browning in ING WAT. However, the brown adipocyte phenotype in ING WAT in our study is minor (1%--5%) compared to the robust iBAT thermogenic phenotype.

Our investigations suggest that changes in the gut microbiota in response to the cold exposure mediate BA metabolism, possibly through changes in AMPK and FXR signaling, to complement sympathetic signaling in the regulation of thermogenesis in iBAT and resistance to DIO.

Experimental Procedures {#sec4}
=======================

Animals and Study Design {#sec4.1}
------------------------

Protocol I. Breeding pairs of C57BL6/J (B6) mice were obtained from the Jackson Laboratory. Adult B6 mice at 12--20 weeks of age were divided into 6 groups (n = 8--10 mice/group). Three groups were ad libitum fed HFD (58% energy in kcal from fat, AIN-76A 9G03 Research Diets); another three groups received CHD (11% energy in kcal from fat, 5053, rodent diet 20, LabDiet). Mice were single-housed with a 12 hr light/12 hr dark cycle at environmental temperatures of 12°C, 17°C, and 29°C for 4 weeks.

Protocol II. B6 mice at 8 weeks of age were individually housed at 29°C and ad libitum fed a HFD for 4 weeks (n = 6 mice). Thereafter, mice were transferred to 12°C for 1, 2, 4, and 6 days and received ad libitum a HFD (n = 6 mice/time point).

For both protocols, mice were anaesthetized with an overdose of cocktail composed of ketamine/xylazine/chlorpromazine administered subcutaneously to collect blood samples by cardiac puncture. Blood samples were centrifuged for 10 min at 2,400 rpm and stored at −20°C. Mice were sacrificed by cervical dislocation, and tissues and caecal content were quickly removed and stored at −80°C for further analysis. Animal experiments performed at different temperatures were approved by the Local Committee for the Ethical Treatment of Experimental Animals of Warmia-Mazury University (NR 38/2011), Olsztyn, Poland.

Phenotyping {#sec4.2}
-----------

Fat mass and lean mass were measured by nuclear magnetic resonance (NMR, Bruker). Energy content of fat mass and lean mass were expressed in kJ. Adiposity index was determined from body composition. Body weight was measured weekly. Food intake was calculated on a weekly basis and expressed as the amount of energy in kJ. At the end of the experiment, glucose and insulin tolerance tests were performed.

Bacterial Genomic DNA Isolation {#sec4.3}
-------------------------------

Bacterial gDNA was extracted using the GeneMATRIX Stool DNA Purification Kit (EURx) from the caecum of mice fed HFD and maintained at 17°C or 29°C. Genomic DNA from caecum of mice fed HFD at 12°C and CHD at 12°C, 17°C, and 29°C was isolated using the repeated bead beating (RBB) method ([@bib21]). Details about 16S rRNA amplification, sequencing, microbiota data analysis, and BA analyses are provided in [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.

Statistical Analysis {#sec4.4}
--------------------

The data are expressed as mean ± SEM and analyzed using GraphPad Prism 6.0. Statistical differences for single variables were analyzed by Mann-Whitney test or one-way ANOVA and Tukey's multiple comparison post hoc test for three groups (29°C, 17°C, and 12°C) The level of significance was set at p \< 0.05; ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001; ^∗∗∗∗^p \< 0.0001.

Author Contributions {#sec5}
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![Energy Balance Phenotype in Response to Reduced Ambient Temperature and Thermoneutrality in Mice Fed HFD or CHD for 4 Weeks\
(A--D) Change in fat mass (A); adiposity index (B); cumulative food intake (C); total energy expenditure (D).\
(E--H) *Ucp1* mRNA (E) and protein (F) by immunoblot in iBAT. *Ucp1* mRNA (G) and protein (H) by immunoblot in ING.\
(I--K) Hepatic induction of pAMPK (I), pACC (J), and *Cpt1a* mRNA level (K).\
(L) Glucose tolerance test.\
Data are presented as mean ± SEM. n = 8--10 (GTT and qRT-PCR) or 5--6 (immunoblot). FM, fat mass; LM, lean mass; cFI, cumulative food intake; TEE, total energy expenditure. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001; ^∗∗∗∗^p \< 0.0001. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.](gr1){#fig1}

![The Gut Microbiota Composition and Microbial Metabolism Shaped by Ambient Temperature and Diet\
(A--H) Rarefaction curves calculated for phylogenetic distance between the microbiota of mice fed a HFD and a CHD at 12°C, 17°C, and 29°C. Rarefaction depth used is 60,000 sequences per sample (A). Principal coordinate analysis (PCoA) of unweighted UniFrac revealed clustering of the gut microbiota after diet and temperatures. The percentage of the variation explained by the plotted principal coordinates is indicated in the axis labels. Each dot represents a caecal community (B). Relative abundance at phylum (C) and family (D) level in caecal community of mice fed a HFD and a CHD at 12°C, 17°C, and 29°C. Hepatic expression of genes involved in BA synthesis (E). Plasma BA profile in mice fed a HFD (F), a CHD (G), and a ration of t-conjugated to unconjugated BAs (H). The data are given as mean ± SEM. n = 8. p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001; ^∗∗∗∗^p \< 0.0001. See also [Figure S2](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![Time-Dependent Effects of Acute Cold Exposure on Energy Balance Phenotypes and Gut Microbiota Composition of Mice with Diet-Induced Obesity\
(A--H) Fat mass (A), adiposity (B), food intake (C), and *Ucp1* expression in iBAT and ING (D) of mice fed a HFD and housed at 29°C for 4 weeks, then transferred to 12°C for 6 days. Change in BA composition measured in plasma (E), phylogenetic diversity comparison of caecal microbial communities (F), phylum level abundance (G), and ratio of Bacteroidetes to Firmicutes (H) of the microbiota of mice with DIO exposed to 6 days of cold exposure. Data are presented as mean ± SEM or ±SD (graph F). n = 6. ^∗^p \< 0.05; ^∗∗^p \< 0.01. FM, fat mass; LM, lean mass. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![Transfer of Cold-Adapted Microbiota Improves Metabolic Phenotype\
(A--J) Fat mass (A), adiposity index (B), and changes in mRNA levels of thermogenic genes (C) and protein levels of UCP1 (D) and DIO2 (E) in iBAT and mRNA levels of thermogenic genes in ING (F) in GF mice colonized with microbiota harvested from mice kept at 12°C or 29°C. Glucose tolerance test (G). BA profile of recipient mice (H). pAMPK (I) and pACC (J) protein levels in liver and hepatic *Cpt1a* (K) expression of recipient mice. The data are given as mean ± SEM. n = 4--5 per group. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001. FM, fat mass; LM, lean mass. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}
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